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Frequency-dependent electron spin resonance study &%,-type interface defects in thermal SiSiO,
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A frequency-dependent electron spin resonait®R study has been carried out of inherent Si dangling-
bond-type point defects in thermal Si/SiQP,, in (111)Si/SiQ, Py, and Py, in (100)Si/SiQ], admittedly
generated as a result of mismatch induced interface strain. This has enabled the separation of the strain
broadening component from other line broadening mechanisms, leading to a direct quantification of the asso-
ciated interface stress. It is found that the technologically favored (100)Siigt&face exhibits generally
more strain than typical for (111)Si/SjO However, the interface strain may be strongly reduced in both
structures by appropriate postoxidation anneals. Additionally, information is gained on the spatial distribution
of the defects: Strong evidence is provided tAgs andPy; in (100) Si/SiQ are distributed in a different way
thanPys at the (111) Si/SiQinterface. Moreover, these distributions are found to be dependent on the thermal
history of the sample, i.e., roughness of the interface layer.
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. INTRODUCTION face strain(mismatch, which, at the (111)Si/SiQinterface,
was formerly quantified in terms of thHe, g-factor distribu-
Thermal oxidation of Si is accompanied by the inherenttion inferred from field angle dependence of the ESR
generation of dangling-bond-type defects at the planatinewidth®*!* The latter method was also applied on
Si/SiO, interface as a result of lattice-network mismatch be-(100)Si/SiQ structures which, by appropriate treatments,
tween thec-Si anda-SiO,.! Some types of these coordina- could be processed to exhibit predominantly eitRgg or
tion point defects are paramagnetic and may thus be detectd; .*° However, for standard (100)Si/Sipwhere both de-
by electron spin resonan¢ESR). At the (111)Si/SiQ inter-  fects appear approximately in equal densities, that method
face only one type of such defect has so far been traced Hjecomes unsuitable due to spectral overlap.
ESR, specifically referred to as tii, center”® Mainly on In the present study this has been overcome by applying a

the basis of ESR measurements the defect has conclusiveligduency-dependent ESR study for fixed suitable orienta-

been identified as 8$]p[3111] dangling hybrid on an interfacial tions .Of the magnetic f|elq', W'.th respect .to the Si sybstrate
nabling accurate quantification of strain broadening and

Si fiéqgé.ba(:kr?ondtid :;) :hreeb&l.aton:ﬁ in the _bu(ljkadenl(_)te§SR line shape, in relationship with sample processing and
as si=slg, where e dot symbolizes the unpaired dang Ingoccurring P,-type defect densities. This resulted in the ob-

_4 . . h
bond electrorf—* It exhibits C3, symmetry and is ESR active servation of some marked differences in the interface nature

when neutral. For as-grown thern;(:ﬂoqz9?0 "Goxides @ of the oxidized crystallographiel1l) and (100Si surfaces.
natural density of No~4.9<10"cm™2 is inherently  \oreover, in both Si/Si@structures a marked influence on
incorporated. the strain broadening component by postoxidation thermal
The technological dominant (100)Si/SiGtructure, by treatment is revealed, indicative of interface relaxation. Ad-
contrast, exhibits two prominent ESR-active defects, calledjitionally, we also observed a correlation between interface

Pyo and Py;.° For standard oxidation temperaturé00—  strain, interface roughness, and defect distribution, which
970 oo a density of ~1x10% cm 2 is found for both will be discussed in more detail.

defects’ As compared tdP,,, the way to atomic identifica-
tion here was much longer, for reasons including the inher-
ently lower defect density and spectral interference. As to Il. EXPERIMENT
Poo, Where the?®Si hyperfine structure has first been re-
solved, the evidence is that it just concerns the equivalent of
the P, defect, but now residing at (111) Si/Sidke micro- The starting substrates were Si slices of 2-mn? main
facets at the macroscopic (100)Si/Sidnterface® 2 Re-  face cut from commercial two-side polished Czochralski-
garding Py, the breakthrough in identification came from grown (111 Si (p type;>100cm) and(001) Si wafers(p
the discovery of sample fabrication parameters, i.e., post oxitype; ~10 ) cm). After wet chemical cleaning, the slices
dation anneal in vacuum, that lead predominantlyPg  were thermally oxidized atT,,=970°C (1.1 atm Q;
production, which enabled new systematic observation99.9995% for ~1 h. For (111)Si/Si@, a first samplgla-
of the (100)Si/SiQ interface, including crucial?®Si hf beled 13, not submitted to any postoxidation thermal treat-
structuret®!! The P,; defect was identified, likd®,, as a ment, served as a reference, while for (100)Si/SiOfirst
prototype Si dangling-bond defect approximately pointingESR sample was submitted to hydrogenati@natm H;
along a(211) direction at~32° with the[100] interface  99.9999% at 795°C for ~1 h. As after such step, the
normall? Py-type defects are left passivated by H, this was finally
Admittedly, interface defects are formed to alleviate inter-followed by a vacuum anneal at 610 °C forl h—a treat-

A. Sample preparation
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ment known to exhaustively depassivatESR activatg (a) (111)Si/Sio, (1a)

H-passivated Py-type defects. The hydrogenation/ Bln Py
dissociation procedure at thi&00) interface was carried out
to make an ESR study feasible through enhancement of the 4.3K;89GHz

defect densiti€d by about a factor 5: For a typical ESR
sample, naturalP,y, Py,; densities in as-grown standard
(100)Si/SiQ appeared too small to enable relial@)eband

observations. Although the sample received additional pos- 4.3K;20.5 GHz

toxidation (PO) heat treatment, it will be referred to as the

(100 reference sampléype Ib).

A second set of sample@ype Il) was, after oxidation, ~30K; 33.5 GHz

submitted to a postoxidation vacuum ann@&DVA) at high

temperature, i.e., 1200 °Cy35 min for (111) (sample Ila

and 11_30_°C,~_l h for (100)Si/$i(;_ (sample 11B. Eor % (b) (100)Si/SiO, (Ib)

(100)Si/SiQ this was done to maximize tH®,; production o B/n

([Pp11/[Ppo]>6). A third (100 sample, labeled Ill, was o
oxidized at 180 °C for~190 min without additional treat-

ment in order to maximize th®,, density (Puol/[Pp1]
>20).

?\I\;NV
B. ESR spectrometry 4.3K;20.5 GHz

Conventional absorption-derivative ESR observations

were made at-4.3 < (X andK band and~30 K (Q-band. 30 K: 33.5 GHz

43K;89GHz

The P, densities were determined by comparison of the sig-

nal intensity |, obtained by double numerical integration of

the detected first derivative specul#®,/dB (whereP,, is 100G
applied microwave power arigl the applied magnetic field —

to that of a comounted calibrated Si:P standard sample. This

was done in the most sensitive setup, Kxdand spectrom- FIG. 1. Observed ESR spectra Bf-type defects in the refer-
eter. For the reference samplé$ defect densities of-5 ence samplesgla, Ib), showing the influence of observational fre-
X102 em 2, ~5x102cm 2, and ~7x102cm 2 for qguencyv: (a) I_Db with BI|(11_1).Si/SiQ interface (sample 13, (b)
Py, Ppi, and Py, were obtained, respectively. The POVA Ppo andPp, with BL (100)Si/SiQ (1b).

treatesd s_a12mples(ll) eXhéb't a defect density of~2 (4o standard theoretical shapes, which are all symmetric.
X 10" cm™? and ~4x 10" cm™? for Py, and Py, respec-  Hence this invalidates such fitting procedure based on fitting
tively, while a Py, density of~6.5x 10> cm™? was found  symmetric curves.
in the low-T,, sample(lll). As a result of the high saturabil-  |n a second working approach the starting point, hinted by
ity of the (100 POVA sample(1130°Q the determined the experiment, is the assumption of a highly symme®j¢
value for thePy; defect density could still be somewhat signal. After fitting, this is substracted from the experimental
underestimated. The absolute accuracy on defect density dspectrum to resolve the,, signal. The used criteria here for
termination is estimated at20%. a reliable simulation were the smoothness of the remaining
In standard (100)Si/SiQ spectral interference hinders Pyq signal together with its characteristic asymmetric fea-
direct determination of the properties of tfg, and P,;  ture. The fitting was performed by slightly varying the pa-
ESR signals. Two methods for deconvolution were tried outrameters(linewidth, shape, intensityy value of the Py,
In a first approach the sum of two theoretical line shapestesonance until an optimurR,, line appeared. This fitting
representingP,, and Py, are fitted to the experimental procedure resulted in inference of consistent data over the
spectra. Gauss, Lorentz, and Voigt shapes could be chosenvarious recorded spectra.
the fit procedure. Although spectra could always be calcu-
lated to fit the experimental signals excellently—no wonder IIl. EXPERIMENTAL RESULTS
in view of the numerous adjustable fitting parameters—this
working method had to be discarded as it led to inconsistent
data. It sharply exposes the plain unreliability of such fitting Figure 1 illustrates the influence of the resonance fre-
procedures—though widely applied—if unaware of the cor-quencyr on the ESR signals d?,, for B n (within ~3°)the
rect line shapes involved. Insight came from additional meainterface normal, and those d?,, and P, for Blin in
surements made on sample Ill with the large incorporateq111)Si/SiQ (la) and (100)Si/Si@ (Ib) samples, respec-
Ppo density. These spectra revealed the hightymmetric tively. The spectra reveal large differences in line shape and
character of thé,, resonance line, incompatible with any of linewidth, which will both be analyzed below.

A. Reference samples
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FIG. 2. Frequency dependence of thgtype ESR peak-to-peak P, in reference sampléa) for pg=45°.

linewidth in the reference samplék and I for ¢g=0°. Solid

lines represent least-squares fits using @;. B (100)Si/SiQ interface @Iin), corresponding toeg
~32° and~54° for Py, and Py, respectively. This is the
The behavior of the measured first derivative peak-toorientation where the different branches in tienaps for
peak linewidthAB, as a function ofv (observational fre-  each of theP,, andPy,; defect coinciddct. Fig. 1), enabling
quency for B parallel to thesp® dangling-bond directions the most accurate determination of the linewidths. Also
(¢g=0°) is shown in Fig. 2:pg represents the angle be- added are theP, AB,, values observed in the reference
tween the defect dangling-bond direction @d\e note two  sample (111)Si/SiQ(la) for pg=45° and 90°. Clearly, the
clear trends: First, there is the expected general increase jBading trend is a marked increase in linewidth with increas-
the linewidths with frequency resulting from the existence ofing frequency. Interestingly, we additionally notice distinct
a strain induced, admittedly, Gaussian spreadinandg,  variations dependent on crystallographic orientation and de-
(see next sectignSecond, changing the crystallographic ori- fect type. In particular, as to the (100)Si/Si@efects, the
entation has a clear impact: While the overall linewidth ofincrease is stronger fdp,, than P, while, in turn, ther
both Py, and Py, is broader at high frequencies, it drops dependence is generally more prominent for(tt20) face as
below the P, value for »~8.9 GHz (v—0) hinting at a compared tq111).
smaller residual linewidth, i.e., width without strain broaden- |n Fig. 4 is illustrated, for the reference samples, for some
ing. specific ¢z values the effect of observational frequency on
Figure 3 shows the behavior afB,, of Pyo and Py in - the line-shape factok, defined asc=1/A,(AB,)?, where
reference sample Ib as a function of frequency fora  is the peak-to-peak signal height and | the signal inten-
sity (area under the absorption cuyv&he measured val-
T T T T T T T ues are seen to span the range from the Gaussian line-shape
factor («®=1.03), observed at the highest frequency for
Ppo, to the Lorentzian valuex=3.63) pertaining to the
lowest frequency foPy, . Three trends are clearly observed:
First, for the defects at both interface orientations there is a
general decrease ir with increasing frequency caused by
the rising admixture of the Gaussian strain broadening com-
ponent (see next section competing with the residual
Lorentzian part, with an attendant change in shape of the
resonance signal. Second, for a fixed frequegy, gener-
ally exhibits a lowerk value thanP,,. Three, theP, signal
at the(111) interface shows a distinctly less pronounced drop
in « with increasing frequency as comparedRg,, Py .

0 5 10 15 20 25 30 35
Vv(GHz) B. Other samples
FIG. 3. Frequency dependence of thg,, Py, ESR peak-to- Figure 5 shows some typical ESR line shape®gitype

peak linewidth in the reference sampli) for BL(100)Si/Sig ~ defects observed in the POVA sampléls and the_ lOWTox
corresponding withpg ~54° andgg~32° for Py, andPy, , respec-  sample(lll). The effect of POVA on thé®, ESR linewidth

tively. The data obtained foP, in the (111)Si/SiQ reference (sample lla for ¢g=0° and 90° is illustrated in Fig. 6. As
sample(la) for g=45° andeg=90° are also plotted. Solid lines compared to thé®, reference datéla) we notice a marked
represent least-squares fits using &yj. drop in theslopeof the AB,-vs-v data forog=90°—much
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FIG. 5. K-band ESR spectra of nonreference sampg@sPy, in
(111)Si/SiQ sample lla, i.e., sample la additionally submitted to
POVA at 1200 °C,(b) P,; and Py, in sample Ilb, i.e., sample |b
submitted to POVA at 1130 °C, arRl,, in the low-T ,, sample(lll ).
The Si:P signal stems from a comounted marker sample.
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FIG. 7. Magnet angle dependence of the ESR linewidtRgf
in (100)Si/SiQ subjected to POVA at 1130 °GGample 1Ih. The
anglegg is referred to the dangling-bond defect directid@il[(211]
within 3°). The solid line represents a least-square fit of the data
using Eq.(4).

less though forpg=0°. Additionally, a general increase in
residual linewidth[AB,(»=0)] appears as a result of
POVA for both magnetic-field directions.

The frequency dependence of thg; linewidth was stud-
ied in detail in the(100) POVA sample(llb). However, due
to the high saturability, thé®, signal width could only be
accurately measured Htband, resulting in the angular map
of the linewidth shown in Fig. 7. From these data, the
frequency-dependent behavior aB, for P,; was deter-
mined using the fitting procedure outlined in the next sec-
tion. This result is shown in Fig. 8dashed curvefor the
caseBlIn, together with th€100) reference sample datkb).
Interestingly, we notice for th€l00 POVA sample the same

T T T T v T T T T T T T
B//n

e Py,
. Pb‘\

e P, II

20
v(GHz)

35

FIG. 8. Frequency dependence of the ESR peak-to-peak line-
width of Py, andP, observed in thé100) POVA sample(llb) and
low-T,, sample(lll) for BL (100)Si/SiQ interface, respectively.

FIG. 6. Frequency dependence of the ESR peak-to-peak lineSolid lines represent least-squares fits using @4. The dashed

width of P, observed in the (111) Si/SIIPOVA samplglla). Solid
lines represent least-squares fits using @y. For comparison, the
data of the (111) Si/Si©reference sampl@a) are also includedcf.
Figs. 2 and R

curve, corresponding t®,,, is obtained from Eq(4) using the
parameters inferred from fitting the angular dependéatd-ig. 7).
For comparison, the data of the (100) Si/gi@ference sampléb)
are also includedcf. Fig. 2.
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effects as for the (111)Si/SKOPOVA sample(cf. Fig. 6), g=1/(g, coseg)?+(g, singg)?. 2
i.e., as toPy, decrease in the slope of théB-vs-v data and i _ _ 5
increased residual linewid{hs B, »=0)]. For g values we inserg,=2.001 36,9, =2.0088 forP,,,

The frequency dependence dB,, [BL (100)Si/SiQ in- 91~ 2'0022’_9i —2.0058 (iounded to axiallo symmetyyfor
terfacd for Py, in the low-T,, sample(lll) is also plotted in ~ Pb1, @ndg,=2.00185g, =2.0081 forPy,,. " The measured

Fig. 8. Though the change of the slope, as compared to thgnvolution of_the fre.quency-indepe_ndent Lorentzian part

reference sample data, is rather low, there again appears®3d the Gaussian strain component is expected to be largely

significant increase in the extrapolatee-¢0) AB,, value as Voigt-like. Using then the accurate formula

a result of the POVA treatment. 1
AB,,==

1 1/2
ABL+ (ABpGp)ZJrZ(ABFL,p)Z) .0

PP
IV. ANALYSIS AND DISCUSSION 2
whereAB,,, AB},, andAB}, represent the total, Lorentz-
ian, and Gaussian linewidths of the Voigt shape, allows us,
From field-angle-dependent observations, a previousfter inserting Eq(2) for g in Eq. (1) and substituting Eq1)
study had concluded that th®&, ESR linewidth at the stan- for ABSp in Eq. (3), to obtain our fit function,
dard (111)Si/SiQinterface consists of mainly two superim-
posed contribution§®*In addition to an angle-independent
residual part, there is a considerable Gaussian-type broaden-
ing monotonically growing foB tilting away fromn. The )
Gaussian part is attributed to strain induced variations in the n g, Sif ¢g
g matrix, predominantly irg, , based on the insight provided g 79
by molecular orbital calculatioh¥that variations in the mi-
croscopic geometry of a dangling-bond-type defect results i
a perturbation irg, , but not, to first order, i, , leading to
a distribution in the resonancg value. The supposedly
Lorentzian residual linewidth ¥—0) contribution was
mainly attributed to unresolvetfSi superhyperfine broaden-
ing. A later, more in-depth line-shape study of the residual B. Reference samples
line for BL (111)Si/SiQ interface revealed clearly the influ-  For o, =0° (Fig. 2) the fitting resulted in the optimized
Enced of ge relative slmalIPb—density]depindent dipolar yajues AB;pzl.Oi 0.1G, ¢g,=0.00024-0.00002 for
roadening.’ Importantly, in Ref. 5 also the presence of L _ - _
some strain-induced spread @y was demonstrated on the gbo’ ta;]r;(: ﬁsB%r 1'95_-|O'1 G| Ug"f 0.00029-0.00002 for i
T : . bl , very similar values for both defects. These val
as-oxidizedPy, ESR line shape. As it appeared that the kernelues may be compared taAB:=155+0.1G, og
of all three defect®,,, Py, Py, is chemically identical, i.e., _ ppe o
) Do 70y b1 S = S =0.00014-0.00001 found for P, at the reference
dangling bonds with generic entitg Si, it is reasonable to (111)Si/SiQ interface for og=0° (Fbig. 2. Although the

assume that the linewidths dPyo and Py, can be ap- spread ing, is considered a second-order effagt), appears
proached in the same mannerRs - ! ) I
: ! X B . .. distinctly larger at thé¢100) interface, for bottP,y andPy; .
As mentioned in the introduction it is our aim to quantify The obtainedABL. values can be read at the intercept of

the interface strain, in terms of theg-factor distribution, i . . . .
based on frequency measurements instead of the former e fitted curvesEq. (4)] W.'th the ABy, axis (cf. Fig. 2.) n
e AB,-vs-v plots as a direct result of the assumption that

used field-angle dependence of the linewidth. In fitting the . ! ) '
data, two approximations are made: First, it is assumed tha“‘e Lorentzian part is frequency independent. Indeed, the fit

the frequency-independent part, consisting of mafi§i su- equation(4) shows that extrapolation towards=0 leads to

: ; lani ; iart B =ABL . This remaining component, void of strain in-
perhyperfine and dipolar broadening, is purely Lorentziarf =pp pp ) o
and void of strain effects; second, the strain componenfUence, represents the residual linewidth composed, as
AB,? is Gaussian and can be related to a Gaussian distrib@forementioned, of mainly unresolvediSi superhyperfine

int oo : : dip (y:

tion in g, andg, . To a first approximation, the frequency 2 Bpp (INtrinsic part and dipolar broadenind B’ (dipolar

dependence afBSE can be expressed as par®. In a first approximation, the Lorentzian addition rule is
pp

used to separate the latter two parts,

A. Fitting procedure

1

2h cog
AB,~ _V(g ¢B
2

B 3 (ool

ABt +[
pp g

2

1 1/2
+Z(AB;p)2] NG

H’heABpp—vs—v data of Figs. 2, 3, 6, and 8 and tAdB,;vs-
g data of Fig. 7 were least-squares fitted with this formula
(results shown as solid curves in the figgré&®m where,
generally, the parametefsB;p, oQ,, andog, are inferred.

2h cos sir? L _ A pint di
apse= (9 B g+ 220 P8 o9, |, @ ABp,=ABp,+ABp. ®)

g g g 9

Comparing the two interface orientations we thus find a drop
whereog, andog, are the standard deviations of the Gauss<{~0.5 G) in ABFL,p of Pyg, Pp1 [(100 interfacg as compared
ian distributions ing, andg, , respectively. This is a gener- to P,,. As the kernel of all three defect structures is identical,
alized approach of the one presented in Ref. 13 wege  i.e., silicon dangling bonds, we favor the interpretation that
=0 was assumed. Themap of a dangling-bond defect, with the difference is of dipolar origin rather than intrinsic.
axial symmetry, for rotation oB from Bldangling bond The size ofABg'FE’ for P, was inferred in a previous
(eg=0°) towardsB.L dangling bond z=90°) obeys study'® as a function of areaP,-defect density. For an as-
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oxidized sample of[P,]~5x102cm 2 a dipolar line densities:’ The obtained fitting values are-g, =0.0014
broadening of~0.4 G may be expected for the cagg  =0.0001 and 0.001680.0001 for Py, (¢g=54°) andPy,;
=0°. Inserting this value in Eq(5) leads to an intrinsic (¢g=32°), respectively. In comparison with the obtained
linewidth AB} (void of strain and dipolar broadeningf g, =0.00076-0.00002 forPy, (¢g=90°), these values
~1.15 G forPy,. If assuming a more or less equal intrinsic Show that, interestingly, (100)Si/SjOexhibits generally
linewidth for all three defects, this result suggests a neglihigher local interface strain induced variations in defect en-
gible dipolar contribution in the linewidth d?p, andPy,;, at ~ Vironment as compared to (111)Si/SiOThe size of the
the (100)Si/SiQ interface, which result may appear surpris- Site-dependent modulation appears also defect-type depen-
ing as the density of each of ti,, and P, defect is also  dent as shown by difference in theg, values ofPy, and
~5x 10" cm™2. As to our knowledge, no separate study of Pba-

dipolar interactions oPyq, Py, defects in (100) Si/Siphas

yet been carried out, there exists no independent verification. C. Other samples

This merits further perusal. -~ .
. i L Fitting Eq. (4) to the angular datécf. Fig. 7) of the (100
For practical calculations, the local magnetic fiddd;, sample subjected to POVAb, maximumP,; density gave
sensed by_ a dipolgk due to the vicinity of _sqrrounding for Py, ABL =15+0.1G, o'g, =0.000540.00002 and
dipolesu; is approximated by the sum of their mdependentaguzo_OOO 5%,:0_000 02 v,vhicﬁ may be compared with the

static contributionss;y , para!lel to the applled fiel®, i.e., . reference sampléb) values 1.05, 0.0010, and 0.000 29, re-
Bgip=2Bjk . From the classical expression for the magnetic

. , : : spectively (see Table )l og, is thus found unaltered—not
dipole-dipole(DD) interaction energy one can show that unexpected ag; is inherently less sensitive to strain. How-

ever, a remarkable observation is the drastic droprin
3 98 (1-3 co2 ) ©6) induced by the POVA treatment, indicative of the occurrence
2 27-rrj3k I/ of stress relaxation at the (100)Si/Sithterface. This effect
is also observed foP, at the (111) plane after 1200 °C
whered) is the angle betweeB and the vector intercon- ~ POVA (sample lla (cf. Fig. 6: While the inferredog
necting the two magnetic moments. =0.000 14+ 0.00001 remains more or less constant, there
There are essentially three features to which changes iappears a drop afg, from 0.000 76-0.000 02 to 0.000 46
dipolar contribution may be linked. An obvious first one is £0.000 02 after 1200 °C POVA. As a second result, we thus
defect density. In the case of an homogeneous areal defefihd that although thé®, and Py, og, values for both ref-
distribution this possibility has to be excluded because of therence samples interfaces are much different, high-
determined defect densities: The latter are more or less themperature treatment in vacuugimert gag reduces them
same for all three types @¢f,, defects and thus cannot cause down to a more or less equal value. Thig, value could

Bjk:i

such changes in residual linewidth. correspond to the lowest possible intrinsic stress in both
A second possibility is that the defect centers are inhomostructures.
geneously distributed over the two-dimensio(2D) interfa- Finally, we notice that upon POVA the residual line width

cial layer. To explain then the differences betwe¢gd0 and  ABy, (v—0) for Py, (llb) increases, without increase in
(111)Si/SiQ interfaces one might presunf®, defects to defect density, from 1.060.10 G to 1.5-0.1 G(cf. Fig. 8.
show a tendency to clustering, i.e., enhanced local defedwithin the dipolar model, the latter result would indicate that
density anda fortiori, larger dipolar contribution, while the POVA for (100)Si/SiQ leads to a more two-dimensional
(100)Si/SiQ interface defects would be more homoge- defect distribution, i.e flatter interface.
neously spread. This, however, is also unlikely, as a previous As to P,, analysis of the (111)Si/SiIOPOVA sample
study provided evidence that tiig, defects in (111)Si/Si®  (lla) data also reveals an increase in residual linewidth from
are distributed rather evenly in a self-avoiding marffiéf. ~ ~1.5 G up to~2.8 G (¢g=0°) and~4.2 G (pg=90°) (cf.
Third, the observed difference could concern a dimen+ig. 6). In the present case, this is ascribed to enhanced di-
sional aspect. A former study provided strong evidence thapolar interactions due to the strongly increadeg defect
(111 Py, defects reside at atomically flat interfacial terraces,density, i.e.,~2x 10 cm 2 vis-avis ~5x 102 cm™2 in
in a true two-dimensional(2D) arrangement’ If the  reference sample I. Indeed, the map of &8, vs-¢g data
(100)Si/SiQ interface would exhibit soméenhanced3D  (not shown now clearly reveals anisotropic dipolar
aspect the defect distribution could extend over severabroadening.’
atomic planes rather than one, ideally. Obviously, for a fixed For the lowT,, sample(lll) we also observe a drastic
number of spins, this would result in a distinct reduction ofincrease inPy, residual line widthAB,, (v—0) towards
the DD broadening through ther#/dependence of DD in- ~1.8 G (cf. Fig. 8; Table J as compared to the reference
teraction[see Eq.(6)]. As evidenced in the next section, the sample(~1.05 G, indicating once more that the interface
latter possibility is considered likely. topography is strongly treatment dependent for (100) SySiO
The og, value was derived foBL (100)Si/SiQ and interfaces. Fowrg, , a small decrease is inferred, i.e., from
BII(111) Si/SiQ, with og; andABgp kept fixed at the values 0.0014 to 0.0012 0.0001, on the edge of experimental ac-
inferred from the fit for thepg=0° case, and varying only curacy. The obtained values fowg,, og, , andAB;p of all
og, . KeepingAB',;p fixed is justified as the dipolar broad- three P,-type defects in differently prepared and treated
ening is only weakly anisotropic for the present defectSi/SiO, interfaces are summarized in Table I.
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TABLE |I. Comparison of inferredog,, og, , ABtp values of Py-type defects at thg100 and

(111)Si/Siq interfaces over differentherma) sample treatments and data set fittings.

Treatment Reference Fit og og, ABFL,p (G)
(111)Si/siq: Py,
Tox=850°C. 14 ABVS-¢p ~0.000 80
Tox=900°C 13 ABVS-¢p 0.000 75
+0.000 10
Tox=651°C 5 signal simulatich ~0.000 16
Tx=970°C 18 complex fit 0.000 15 0.00074
+0.000 02 +0.000 02
Tx=970°C this work v 0.000 14 0.000 76 1.55
(la) +0.00001 +0.000 02 +0.10
Tx=970°C; this work v 0.00014 0.000 46 2.8,4.2
POVA 1200°C +0.000 01 +0.000 02 +0.1
(lla)
(100)Si/SiQ: Py
Pho
Tx=170°C 10 B 0.00090
+0.000 05
Tx=180°C this work v 0.000 24 0.0012 1.80
(my +0.000 02 +0.0001 +0.15
Tox=970°C; this work v 0.000 24 0.0014 1.0
H, at 795°C +0.000 02 +0.0001 +0.1
POVA 610 °C
(Ib)
(100)Si/SiQ: Py,
To=970°C; 10 ©g° 0.000 35
POVA 1200 °C +0.000 05
Tx=970°C; this work v 0.000 29 0.0010 1.05
H, at 795°C +0.000 02 +0.0001 +0.1
POVA 610 °C
(1b)
Tx=970°C; this work  ¢g, v 0.000 29 0.000 54 15
POVA 1130°C +0.000 02 +0.000 02 +0.1

(Ib)

aSpectra were simulated by a convolution of an intrinsic Lorentz and a strain-induced semi-Gaussian com-
ponent characterized by the spreagl, .
PObtained within the framework of a computational model based on the magnetostatic approximation of the
local magnetic field.
‘In contrast with all previous measuremeftsnventional unsaturated absorption-derivative ESR spectros-
copy), this result was obtained on ESR data measured by high-p@agrration second-harmonic detec-
tion.

V. INTERPRETATION tion annealing on Si/SiQinterface roughness:?’ There an
oxidation model was developed existing of two competing
effects: An oxidation induced roughening and a diffusion-

_ First, we address the marked difference in inferred reye|ated smootheningstep motioi. The process is described

andP,,, Py, at the (100)Si/SiQinterface(~1.0 G for the

reference sampled) (cf. Fig. 2; Table ). As alluded in the

previous sections the deviations are ascribed to changes in dh(x,y) _
dipolar interaction. However, as the effect of defect density a
is excluded, it likely originates from variations in the particu-

lar defect distributions over both interfaces. In support of thewhereh(x,y) is the interface heighty is the step diffusion
former idea we refer to a study on the effects of postoxida<coefficient andn(x,y,t) is a noise term describing the oxi-

A. Defect distribution

wV2h(x,y)+ n(x,y,1), )
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dation of silicon. The first term on the right-hand side corre- B. Interface strain
sponds with the diffusion induced smoothening and the sec- Here, we first address the impact of high-temperature an-
ond to the roughening process of silicon oxidation. Solvingneg| in vacuum on botkl00) and (111) interfaces(cf. data
Eq. (7) resulted in an rms interface roughness onP, andP,,, Table ). Several studies have reported on the
observation of an intrinsic SiOfilm stress resulting from
thermal oxidation of S#372° The origin of this stress has
N2 | V4 been attributed to the 120% molar volume expansion which
(TOC(—t) . (8) results from the conversion of Si to SiOAccording to the
K simple Maxwell viscoelastic model of a solid, stress relax-
ation can occur by “viscous motiorf* within a-SiO, layers
away from the growth interface. If assuming the rate of stress

wheret is the oxidation time and the oxidation rate. relief to be proportional to the stress is usually the cage

In Ref. 20, transmission electron microsco@EM) pic-

tures revealed that as oxidized—900°C) (100)Si/Sip "

interfaces are rougher than (111)Si/$i@nes. This was

quantified in terms ofo inferred as~0.6 nm for (111 do; O

Si/Si0, and ~1.5 nm for (100)Si/SiQ. The observation F T ©)

was explained by the difference in free energy of both inter-
faces. Thermodynamic smoothing can occur already duringshere I" is a constant, namely the viscoelastic relaxation
oxidation at the more stabl@1l) interface, with lower free  time, ando is the intrinsic growth stress, i.e., the stress that
energy, whereas postoxidation annealing in inert ambient i& generated through the film growth process. Integrating Eq.
necessary to smooth tti@00 silicon. The latter observation (9) gives the expressior(t)=o0;(0)exp(tI’) for the
complies with our outlined modeprevious sectionthat the  stress relief process, whetg(0) is the maximum intrinsic
(100)Si/SiQ defect distribution would exhibit an enhanced stress at the growth interface antihe oxidation or annealing
3D aspect, leading to a higher mean interdefect distance ange.
consequently, a smaller dipolar linewidth contribution. For the reference sampld$), the outer surface of the
The results for the POVA sampl¢8) may be interpreted  growing Si/SiQ film has been annealed &, for the entire
with the same work as reference. In that work, after a POA period of oxidation, whereas little so occurred for the oxide
in nitrogen at 900 °C, a remarkable observation was that thgiyers near the final interface. Consequently, virtually no
interface roughness of the (100)Si/SiCsample Tox  stress relaxation has occurred near the interface region lead-
=900 °C) was drastically reduced from~1.5 nm towards ing to a highly stressed interfaé®This is mirrored inog, :
o~0.75nm. This has been confirmed, for anneal in Ar, inthe in-plane stress leads to variations in the defect's local
later work using difference x-ray reflectivity techniqtfeln  environment over the interface, resulting in slight modifica-
contrast, an identical treatment did not result in a markedion of g tensors.
effect at the (111) Si/SiQinterface, i.e.o remained fixed at Within this model, the high-temperature POVA results
0.6 nm. The former results are in accordance with the preserifla, 1200 °C and Ilb, 1130 °Cbecome clear: Without fur-
findings: First, regarding (111) Si/SjQ where the interface ther influx of Oy, both interfaces may relief stress ferl h.
roughness remains constant after POA, we ascribe the sul the high temperatureE is smalf® and an efficient relax-
stantially enlarged residual linewidth f&%, to enhanced DD  ation can occur. The less strained interface gives rise to
broadening as a result of the drastic increase in defect densigmaller variations in local defect environment over the vari-
up to ~2x 10" cm2 (lla). Second, there is the other fact ous sites leading to a lowerg, . On the microscopic level,
that after POA of (100)Si/Si© the interface roughness at the high anneal temperature, the interface may rearrange
dropped to a value close to that of as oxidized (111) SiSiOinterfacial bonds and bond angles to attain a lower energetic
[c~0.6, ~0.75 for (111), (100)Si/SiQ, respectively®®  state.
This we also find mirrored in the inferred residual linewidths  Next, we may compare the difference in strain in the ref-
of P, and Py, in samples la and IIHAB,, (v=0)~1.55,  erence sampl@a, Ib) for both crystallographic interface ori-
1.5 for P,, Py, respectively as theP, and P,; defect entations as exposed by thg, values. Compared to data of
densities are about the same §x10'2cm™2). The latter P, in (111)Si/SiQ, it is observed that the (100)Si/SiO
indicates that, liké®,, at the (111)Si/SiQinterface!®'’P,;s interface, as jointly exposed b, and Py;, exhibits the
also appear organized in a self-avoiding manner. highest strair(cf. Table ).
A final observation is the high residual linewidth By, In a former study by Kobeda and Iréfighe latter result
in the low-T, (100)Si/SiQ sample(lll) as compared to the was also inferred from measurements of interface strain
reference sample IbT,=970°C), i.e., 1.80 and 1.0 G, re- (sample curvatupeby using a double bearfHe-Ne laser
spectively. This result is consistent with the notion that thereflection technique. The results were explained using a sur-
oxidation process is intrinsically roughenifindeed, in Eq.  face step model proposed by Mtand later results of Le-
(8) o is proportional to the square root of the oxidation rate:roy, which showed how Si©may form on Si without the
The low-T,, sample had a low oxidation rate, which would necessity for the buildup of large intrinsic stré5sf oxida-
thus lead to a smoother (100)Si/Si@nterface, and hence tion takes place predominantely at steps, the volume expan-
enhanced dipolar broadening. sion advances laterally as well as normal to the surface. In
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this manner a large fraction of the stress is relieved as the, (og, ~0.00076) in (111)Si/SiQ, showing that
film grows. In comparing(11]) and (100Si orientations, (100)si/SiQ exhibits generally more interface strain.
Hahn and HenzI&f reported a factor of 2 larger density of Post oxidation vacuum annealing at high temperatures

edge atoms at (111)Si/Sjanterfaces than in (100)SI/SIO - 1130 °q is found to affect both interfaces similarly, i.e., a

which would thus account for the lower strain at thg drastic reduction of interface strain. This is mirrored in the

(11.1)S|/S|Q interface. Yet, as later results showed that OXI-drop of ¢g, towards~0.00046 and~0.00054 forP, and
dation occurs not at edges but across terrdtdéise latter .
(fbl, respectively. These results expose Byetype defects,

model is not tenable. However, in another tentative view on flected in their ESR " ¢ ad N b
may put that if the lateral volume expansion is limited byas refiected in their Properties, as most adequate probes

terrace bounding ledges, the lateral range for relaxation at tH& the interface strain. _
rougher (100)Si/SiQ interface will on the average be The outlined fitting procedure allows, by extrapolation to

smaller, thus leading to an enhanced strained interface. Iff—0: {0 infer the residual linewidth, composed of only the
contrast, at the smooth (111)Si/SiGnterface the newly intrinsic and the dipolar part. As to defect distributions in

formed oxide is not confined in a specific area but can relast@ndard Si/Si©), the dipolar contributions indicate thR,
in all directions over the interface layer. and Py, exhibit an enhanced 3D aspect in comparison with

Py, which reside preferably at 2D terraces.

However, at thg100) interface, peculiar increases in di-
polar contributions are observed both By, after high-

A frequency-dependent ESR study Bf-type interface temperature (1130°Q POVA and for Ppy in low-Ty,
defects has enabled us to quantify the interface strain at bodamples, exposing that the interface roughness is dependent
(111) and (100)Si/SiQ interfaces. In contrast with the field- on sample treatment. The results can be qualitatively corre-
angle-dependent technique, which is complicated by anisdated with acquired insight from previous studies on interface
tropic dipolar broadening and/or spectral overlap, thisroughness based on kinetic thermal smoothening and oxida-
method is generally applicable. tion induced rougheningi) The (100)Si/SiQ interface is

In standard Si/Si®(T,,~970 °C) the inferred values for rougher than typical for (111)Si/SK (ii) postoxidation
(100)Si/SiQ of the strain induced variations ig, are thermal annealing in inert ambient drastically reduces rough-
og, ~0.0014 and 0.0010 foP,, and Py;, respectively. ness at (100)Si/SiQinterfaces;(iii) interface roughness is
These values are distinctly higher than the one obtained falependent on the oxidation rate.

VI. CONCLUSIONS
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